The voltammetric responses of dopamine (DA) and ascorbic acid (AA) at a deactivated polythiophene (PT) film modified electrode were investigated. It was found that DA displays nearly identical voltammetric response at both a bare and the modified electrode, while the voltammetric signal of AA is greatly suppressed at the modified electrode due to the repulsion between it and the deactivated film. Various experimental parameters affecting the voltammetric responses of DA and AA were studied. The modified electrode was demonstrated to be very useful in selectively determining DA in a mixture of DA and AA. At a 0.5 µm deactivated PT film modified electrode the calibration curve of DA was linear over the range of 0.8 µM -1.0 mM in the presence of 1.0 mM AA. The detection limit was 0.4 µM.
During the last decade, chemically modified electrodes (CMEs) have sparked interest, and their possible applications have been studied. 1 Numerous approaches have been proposed in designing the CMEs. They can be solely based on size exclusion 2 , or involve complexation of the probe with a ligand incorporated into the polymer film. 3 Simple ion exchange is also utilized in CMEs. [4] [5] [6] Ion-exchange films of both anionic and cationic nature have been developed to electrostatically accumulate/trap oppositely charged analyte molecules. In recent years a number of ion-exchange polymers were examined for their possible applications as electrode modifiers. Among them are Nafion 4 , poly(estersulfonic acid) 5 , and poly(N-vinylpyrrolidone). 6 Nafion, a perfluorosulfonate polymer, has been successfully applied to the in vivo determination of primary catecholamine neurotransmitters. 7 However, the drawbacks of those ion-exchange film modified electrodes are their non-uniform thickness and poor reproducibility, arising from the solvent evaporation method used in the film preparation.
On the other hand, the techniques used for conducting polymer film fabrication are advantageous for their applications in electrochemical sensors. The electropolymerization of conducting polymers generally results in polymer films which are uniform and strongly adherent to the electrode surface. In addition polymer films can be deposited onto a small area with a high degree of geometrical conformity, this aspect is particularly important in manufacturing microsensors. Another advantage of conducting polymer films is their controllable thickness. This is possible by adjusting the duration of polymerization. The doping level can also be well controlled by the potential. In short, fabrication of conducting polymer films is flexible and easily controlled, and hence provides an attractive means of overcoming the problems caused by the solvent evaporation method. Most of the studies were conducted on normally oxidized conducting polymers. Only in recent years has attention been paid to deactivated conducting polymers, because these polymers lose their conductivity, which is seen as being undesirable. In fact, a deliberate deactivation of conducting polymer films can be advantageous. [8] [9] [10] [11] [12] It was found that deactivated conducting polymer film-coated electrodes can greatly improve the sensitivity and selectivity of voltammetric analyses of ionic analytes. 8 Polypyrrole has been shown to be a promising material for ion-exchange mode modified electrodes. Substantial efforts have since been devoted towards improving and fine-tuning both their selectivity and sensitivity. [9] [10] [11] [12] In this work, the feasibility of using deactivated PT film in the development of modified electrodes was investigated for the first time. Practically, deactivated PT film is chemically inactive and stable. Similar to deactivated polypyrrole films, negative charges and porosity are introduced into the film during deactivation which enable the permeation of cationic analytes. Our interest was focused on improving the voltammetric selectivity of the deactivated PT film modified elec-trodes towards solution species and the influence of the experimental conditions on the film permeability.
Experimental
Chemicals Dopamine (DA) in the hydrochloride form and Lascorbic acid (AA) were analytical-grade reagents from Fluka, and used as received. All other chemicals, such as thiophene, acetonitrile, lithium perchlorate, tetraethylammonium tetrafluoroborate, were of certified analytical grade and were used as received. A phosphate buffer solution (0.1 M, pH 7.4) was prepared by mixing phosphoric acid with sodium phosphate (Merck). All solutions were bubbled with high purity nitrogen gas to remove the dissolved oxygen. DA and AA solutions were prepared daily by dissolving into the phosphate buffer. All solutions were prepared with water purified in a Milli-Q water purification system (Millipore, Milford, MA, USA).
Apparatus
Voltammetric experiments were performed with a RDE4 Potentiostat/Galvonistat (Pine Instrument Company, USA) connected to a Type-3033 X-Y Recorder (Yokogawa Hokushin Electric, Japan). A conventional three-electrode system was used throughout the experiments. The working electrode was a modified platinum-disk electrode (area: 0.07 cm 2 ). The counter electrode was a platinum foil, and an Ag/AgCl (KCl saturated) electrode was used as the reference electrode. All of the potentials given in this paper are referred to the Ag/AgCl electrode. Solutions were deoxygenated with dry nitrogen prior to the experiments. Unless otherwise stated, all fabrications of polymers were performed in a glove box filled with dry nitrogen at room temperature, since water and oxygen affect the formation and properties of the polymer.
Preparation of the deactivated PT film modified platinum electrode
A platinum electrode was successively polished to a mirror finish with 1.0 and 0.3 µm aluminum oxide. The electrode was then thoroughly rinsed with water and sonicated for about 10 min to remove any residual particles on the electrode surface. PT films were prepared by electrochemical oxidation of an acetonitrile solution containing 0.1 M lithium perchlorate (LiClO 4 ) and 0.5 M thiophene. The polymer was grown on the platinum electrode galvanostatically. The thickness of the film was controlled via controlling the charge consumed during electropolymerization. When the filmdeposition process had been completed, the electrode was rinsed with acetonitrile and then transferred into an acetonitrile solution containing only 0.1 M LiClO 4 . The PT film was deactivated by potential cycling between 0 and 1.8 V at a scan rate of 50 mV/s until the voltammetric activity of the film had been completely lost. The electrode was then ready for use after a final wash with acetonitrile.
Results and Discussion
Deactivation of PT film Figure 1 shows repetitive cyclic voltammograms in the potential range of 0.0 to 2.1 V. It can be seen that other than the reversible peak at about 1 V, there is another higher peak at about 1.9 V, which corresponds to the deactivation of the polymer. This peak potential was reported to be dependent on the thickness of the film 13 , while the height of the peak was dependent on the amount of nucleophile present.
14 As shown in Fig.  1 , a complete irreversibility of the deactivation process was demonstrated by the total lack of a reduction peak. The reversible redox peak almost disappeared during the second scan, and the polymer was totally deactivated during the third scan. The irreversibility suggests that the deactivated polymer lost its conductivity.
The rate of deactivation depended on the applied anodic potential limit. The polymer was deactivated quickly if the potential limits were beyond the maximum of the deactivation peak. Too high an anodic potential limit leads to poor mechanical properties of the polymer due to the high degree of deactivation. Adhesion of the brittle layer also decreased distinctly. It is therefore strongly recommended that the deactivation potential should not exceed 1.8 V.
Deactivation of PT film has been studied by subtractively normalized interfacial Fourier-transform IR spectroscopy (SNIFTIRS) 13 and Fourier-transform IR (FT-IR).
14 It was found that the reason for the film deactivation is the decomposition of the polymer chains under the attack of nucleophiles (e.g. water, acetonitrile). The nucleophilic additives in the solution accel- 1060 ANALYTICAL SCIENCES DECEMBER 1998, VOL. 14 erate film deactivation. The solvent plays an important role in the deactivation, since it is one of the sources of nucleophiles that attacks and degrades the polymer. In this case, the nucleophiles are acetonitrile and traces of water. It is believed that the nucleophiles substitute at the β-position and the α-position of the thiophene units, which introduce carboxylic acid groups to the polymer. 14 Figure 2 is the FT-IR spectrum of the deactivated PT film. The two bands at 2350 and 2400 cm -1 for the spectrum of deactivated PT are assigned to the -CN vibration. On the other hand, the bands at 1650 and 3500 cm -1 confirm the formation of carboxylic acid groups. Deactivation of the polymer has two consequences: First, carboxylic acid groups are introduced in the polymer, which in turn convert the conducting polymer film to an ion-exchange polymer film. Second, the anionic dopants are repelled from the film, leaving behind a porous structure of the film. Another contribution to the porous structure is the dissolution of small fragments from the polymer backbone. The deactivated films were stable for at least three months when stored under ambient conditions. Figure 3 shows cyclic voltammograms of 5 mM DA and AA at both a bare and the deactivated PT film modified platinum electrode in a 0.1 M phosphate buffer solution (pH 7.4). At the bare electrode, the anodic currents of both 5.0 mM DA and AA were about 85 µA. On the other hand, the oxidation current of AA at the deactivated PT film modified electrode was greatly suppressed, only less than 2% of the oxidation current was detected, while that of DA slightly increased at the modified electrode. The results show that the deactivated film effectively excludes AA, but maintains the sensitivity for DA. This is due to the fact that the deactivated film is anionic in nature in the presence of carboxylic acid groups. At pH 7.4, DA exists in its cationic state, while AA in its anionic state; hence, the anionic AA is repelled by the film, but the cationic DA is attracted, and brought into contact with the electrode surface through the pores of the film. Voltammetric experiments were performed to observe the effect of PT on DA and AA oxidation at PT film modified electrode without deactivation. Because PT is a semiconductor without deactivation, both the voltammetric sensitivity and the selectivity for ionic species are absent. However, the oxidation potentials of both DA and AA were more anodic than those detected by the deactivated film-modified electrodes and the bare electrodes ( Table 1) . As can be seen in Table 1 , the oxidation potential was different from that observed at the bare electrode, suggesting that electron-exchange occurs at the polymer/solution interface rather than at the substrate electrode/polymer interface if the film is not deactivated. On the other hand, the electronexchange process occurs at the substrate electrode/ polymer interface for the deactivated PT film-modified electrode.
Voltammetry of DA and AA at the deactivated PT film modified electrode
The selective electrochemical activity of DA is very useful in the development of neurochemical sensors. As can be seen in Fig. 3 , DA and AA have oxidation potentials which are very close to each other (0.43 and 0.38 V for AA and DA, respectively) at the bare electrode; hence the interference of AA must be eliminated in order to measure DA quantitatively. This is only possible with the deactivated polythiophene film modified electrode.
Effect of the experimental variables on the voltammetric sensitivity of DA
The film thickness plays an important part in the sensitivity and selectivity for DA towards AA. Since the thickness of the film is proportional to the amount of 1061 ANALYTICAL SCIENCES DECEMBER 1998, VOL. 14 charge applied, the time for polymerization corresponds to the thickness of the film. From Fig. 4 , it is obvious that thickening the film resulted in a more effective exclusion of AA. This is due to the stronger repulsion between the anionic AA and the film that prohibits the permeation of AA. On the other hand, the anodic current of DA showed a peak as the film thickness increased. An explanation is that: at thin films, ion exchange is the main process for the intake of cationic DA. This is a relatively fast process, and the amount of DA accumulated in the film increases along with the thickening of the film. However, as the thickness of the film increases further, diffusion within the film becomes the prominent process that brings DA from the surface of the film to the substrate electrode. For the diffusion process, since the current is inversely proportional to the thickness, a further increase in the thickness gives a lower oxidation current.
There is a limit to the thickness of the film. Since the backbones of the polymer may be ruptured during deactivation, the mechanical properties of the deactivated polymer were poor; as a result, some of the polymer film may peel off in the solution if it becomes too thick. Besides, the detection limit increases as the film thickness increased due to an increase in the background noise. Figure 5 shows the effect of the immersion time at open-circuit on the voltammetric sensitivity of DA and AA. In these experiments the voltammograms were recorded with freshly prepared and deactivated PT film modified electrodes. As can be seen in Fig. 5 , AA does not show any obvious accumulation effect. This was illustrated by the constant oxidation peak current of AA throughout the voltammetric analysis of the solution, regardless the immersion time of the electrode. The absence of accumulation supports the conclusion that the anionic AA is repelled by the film. On the contrary, the oxidation peak current for DA at the modified electrode increased with increasing immersion time, and a much higher oxidation current than that observed at the bare electrode was evident for all immersion times studied. The amount of DA accumulated in the film, reflecting by the oxidation peak current, increased rapidly during the first few minutes, after which the rate dropped significantly, and finally a limiting value was reached. This observation clearly supports the conclusion of the charge discriminating and the analyte accumulating nature of the film towards cationic DA. The rate of DA accumulation in the film depends on the DA concentration in the solution. Generally speaking, the accumulation process was found to be relatively fast, more than 70% of the final response always being obtained during the first few minutes of immersion. Similar observations have also been reported at other ion-exchange film-coated electrodes. [4] [5] [6] [7] [8] [9] [10] [11] [12] For practical purposes, a 2-min immersion period was found to be sufficient to sustain high sensitivity in the voltammetric determination of DA. The modified electrode could be renewed between tests by a 5-min immersion in a stirred 0.1 M phosphate buffer (pH 7.4) containing 1.0 M NaCl.
Voltammograms of DA at different concentrations in the presence of 1.0 mM AA were observed over a fixed thickness of the PT film. Figure 6 shows the relationship between the oxidation peak current and the concentration of DA. For concentrations below 1.0 mM, the plot showed a reasonably good linearity. As the concentration of DA increased further, the increase in the oxidation current slowed down. This phenomenon can be explained by the saturation of DA in the film. 1062 ANALYTICAL SCIENCES DECEMBER 1998, VOL. 14 The results show that the film has a high sensitivity to DA if its concentration is well below the saturation concentration in the film. The saturation concentration of DA in the film can be controlled by controlling the thickness of the film. An increase in the film thickness increases the saturation concentration of DA in the film. The results imply that it is important to know the concentration range of the analyte before making any measurements. The detection limit of the electrode depends on some parameters, e.g. the thickness of the film, immersion time, and the porosity. A detection limit of 0.4 µM at a 0.5 µm deactivated PT film (polymerized in ClO 4 -) modified electrode was found for an immersion time of 2 min. The accumulation also plays an important part in the sensitivity of DA. A prolonged immersion time of the electrodes allows a large amount of analyte to be accumulated into the film. The rate of DA intake depends on the DA concentration and the doping ions used for PT film preparation. 8 Because of analyte accumulation, the deactivated PT film modified electrode is very sensitive to DA, even at low concentrations.
Experiments were also performed to show the effect of the anions in the polymerization solution on the voltammetric sensitivity of AA and DA under the same conditions (e.g. immersion time, thickness, concentration). The anions used in the experiments were Cl -, BF 4 -, ClO 4 -and tetraphenylborate (BPh 4 -). As can be seen in Table 2 , in the case of a Cl -anion dopant, the oxidation peak current for DA was 80% lower than that when BPh 4 -was used. The oxidation peak currents for both AA and DA increased constantly with increasing the volume of the anion in the polymerization solution. These results support the conclusion obtained previously that pores are created when the polymer films are deactivated, and the size of the pores is determined by the size of the anion molecule (dopant). 12 Nevertheless, the oxidation peak current of AA was still much lower than that measured with a bare electrode, due to the repulsion of the film. The difference in the oxidation peak current of DA was less drastic due to the acumulation effect. Note that film with bigger pore size had a higher oxidation peak current.
The results show that the PT film is deactivated at reasonably high potentials. This deactivation is irreversible, resulting in the decomposition of polymer chains and a loss in conductivity; it also gives rise to the porous structure of the film. Such deactivated PT films can be used to make chemically modified electrodes for the selective voltammetric determination of cationic dopamine species in the presence of anionic ascorbic ions in solution. The enhanced selectivity is very valuable for in vivo electrochemical determinations of dopamine. The sensitivity of a chemically modified electrode can be controlled by many experimental parameters, such as the film thickness, immersion time, and size of the anion dopant. The film shows good adherence and perfect covering of the substrate electrode, owing to use of the electropolymerization method. ANALYTICAL SCIENCES DECEMBER 1998, VOL. 14 
